Rechargeable batteries, such as lithium-ion batteries, play an important role in the emerging sustainable energy landscape. Mechanical degradation and resulting capacity fade in high-capacity electrode materials critically hinder their use in high-performance lithium-ion batteries. This paper presents an overview of recent advances in understanding the electrochemically-induced mechanical behavior of the electrode materials in lithium-ion batteries. Particular emphasis is placed on stress generation and facture in high-capacity anode materials such as silicon. Finally, we identify several important unresolved issues for future research.
Introduction
Energy storage with high performance and low cost is critical for applications in consumer electronics, zero-emission electric vehicles, and stationary power management. [1, 2] Lithium-ion batteries (LIBs) are the widely used energy storage systems due to their superior performance. [3] The operation of an LIB involves repeated insertion and extraction of Li ions in active battery electrodes, which are often accompanied with considerable volume changes and stress generation. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] In the development of next-generation LIBs, mechanical degradation in highcapacity electrode materials arises as a bottleneck issue. The high-capacity electrode materials usually experience large volume changes (e.g., up to about 280% for Si), leading to high stresses and fracture in electrodes during electrochemical cycling. [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] Fracture causes the loss of active materials and yields more surface areas for solid electrolyte interphase (SEI) growth, both of which contribute to the fast capacity fade of LIBs. In addition, the mechanics issues are prominent at the battery pack and cell levels due to the requirements of structural integrity and crash safety for operating LIBs in hybrid and all electric vehicles. [24] In this paper, we present an overview of recent advances in studying the mechanics of solid-state electrode materials in LIBs, with an emphasis on fundamentals of stress generation, stress-electrochemistry coupling, and fracture in high-capacity electrode materials such as Si. There are several recent review papers on the phenomenology and mechanisms of lithiation and delithiation in high-capacity electrodes. [20, 25, 26] Here we present selected examples to highlight the new understanding of coupled electro-chemo-mechanical phenomena as well as the new knowledge of mechanical properties of high-capacity electrodes.
Multiscale mechanics of LIBs
The mechanics of LIBs deals with inherently multiscale phenomena. Figure 1 presents a schematic overview of the electro-chemo-mechanical processes occurring at multiple time and length scales in LIBs; also shown are the examples of experimental and modeling studies at different scales. Specifically, at the macroscopic scale, the mechanics problems of the battery pack and cells arise primarily from the requirements of structural integrity and protection under high mechanical loading and severe crashing conditions. [24] For the fundamental research at this scale, thin films are commonly used for studying the mechanical responses and properties of electrode materials under cyclic electrochemical loadings. [9] At the mesoscopic scale, the prominent mechanics problems involve the mechanical behavior of electrodes, which are composed of active storage particles, binders, and electrolytes that fill the pores between storage particles. An effective approach of characterizing the porous microstructures is the x-ray nano-computed tomography. [27] The tomography data enable an evaluation of the porosity and tortuosity of the electrode. They also provide a structural basis of the numerical modeling of the electrochemical and mechanical responses of porous electrodes. At the nanoscale scale, the mechanics of individual electrode particles and wires can be studied in great detail under electrochemical cycling. Particularly, in situ transmission electron microscopy (TEM) provides a powerful approach of visualizing the deformation, microstructure evolution, and fracture during lithiation and delithiation of individual or a group of nano-sized electrode materials. [28] At the scales of atoms and electrons, the physical origins of electro-chemo-mechanical coupling need to be studied for understanding the phenomena such as the Jahn-Teller effect on lattice distortion during Li insertion/extraction, [3] the Li-induced embrittlement of carbon materials, [29] etc. To this end, a variety of experimental and modeling tools are commonly used, such as x-ray diffraction, high-resolution TEM, nuclear magnetic resonance (NMR), first-principles calculations, etc. Fig. 1 . An overview of the multiscale electro-chemo-mechanics in LIBs. [9, 24, 27, 28] 3. Coupled electro-chemo-mechanical phenomena
The coupled electro-chemo-mechanical phenomena are extremely rich in LIBs. Below we begin with a review of the experimental and modeling studies of stress generation in thin films and particles. Then we proceed to review the recent progress in studying the effects of stress on lithiation kinetics and mechanical degradation in electrodes. These mechanistic studies advance our understanding of the electro-chemomechanical processes in LIBs, and they also highlight the critical need for a quantitative characterization of the mechanical properties of electrode materials, which is an important topic that will be reviewed in Section 4.
Stress generation in lithiated thin films
High-capacity electrode materials typically experience large volume changes during Li insertion and extraction. For the conversion-type anode material such as Si, its lithiation at room temperature usually yields amorphous Li 3.75 Si (aLi 3.75 Si), resulting in a volume increase of about 280%. Such a large volume expansion can be largely removed upon delithiation. Under constraints, the large volume changes lead to stress generation in the electrode materials. The resulting stresses can be very high, causing plastic flow. Sethuraman et al. [9] have used in situ wafer-curvature techniques to measure the stress evolution in thin films of a-Si during Li insertion and extraction. Figure 2(a) shows the schematic of their experimental setup, where the lithiation and delithiation of an amorphous Si thin film are constrained by a Si wafer substrate with a Cu underlayer in between (acting as a current collector). Figure 2(b) shows the measured galvanostatic discharge and charge curves, and figure 2(c) shows the resultant biaxial stresses in the film. It is seen that during the initial stages of lithiation, the film undergoes elastic loading. At a capacity of about 300 mAh/g, the film yields at a compressive stress of about 1.5 GPa, such that the plastic deformation begins to occur with continuing plastic flow throughout the rest of lithiation. Upon delithiation, a similar elastic-plastic response occurs, resulting in tensile biaxial stresses in the film. These measurements reveal the existence of the high yield stresses and extensive plastic flow during lithiation/delithiation of a-Si under constraints. 
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Lithiation-induced stress in particles
Stress generation in particles and wires with curved geometries, which are the common building blocks of electrodes, is different from that in flat thin films. This is because the curvature effect can be significant during stress generation in spherical particles and cylindrical wires, particularly when a two-phase mechanism is involved. In situ TEM experiments have shown that the lithiation of Si particles, with either a starting crystalline [17] or amorphous [19] phase, usually proceeds through the formation of a core-shell structure, involving the movement of a two-phase boundary that separates the inner core of pure Si with the outer shell of a-Li x Si (x ∼ 3.75). Such a sharp phase boundary suggests that the Li-poor and Li-rich phases do not transform continuously into each other with changing composition. That is, there is a large solubility gap (i.e., ∆x) between the two phases, manifested as an abrupt change of Li concentrations across the phase boundary.
Huang et al. have developed a chemo-mechanical model to analyze the stress evolution during two-phase lithiation of a spherical Si particle ( Fig. 3(a) ). [30] This model accounts for plastic deformation resulting from large lithiation strains. Particularly, it highlights the curvature effect of the sharp phase boundary on stress evolution during lithiation. To provide a physical interpretation of the reversal of hoop compression to tension in the surface layer, figure 4 shows the schematics of hoop stresses experienced by a repre-014601-3 sentative material element A near the surface. Here the shell is assumed to be fully lithiated with a constant Li concentration. It follows that the lithiation strain should be mainly generated near the moving core-shell interface, where the Li concentration changes abruptly. Figure 4 (a) shows that in the early stage of lithiation, element A is located within the pristine core. As lithiation occurs at the reaction front, the newly lithiated material at the front tends to move in the outward radial direction. This arises because there are larger areas in the hoop direction at larger radial distances, where the lithiation-induced volume expansion can be better accommodated with lower stresses generated. The outward displacement of newly lithiated materials results in hydrostatic tension in element A, as represented by stage (a) of the σ θ curve in Fig. 4(d) . As the reaction front sweeps through element A, a large dilational lithiation strain is created at A. Owing to the constraint of surrounding material, local compressive stresses develop, such that element A sequentially undergoes tensile elastic unloading, compressive elastic loading, and compressive plastic yielding in the hoop direction. This stress sequence is schematically represented by stage (b) in Fig. 4(d) . Interestingly, as the reaction front continues to move toward the center, the lithiationinduced swelling at the front pushes out the material behind it. This action causes further displacement of element A in the outward radial direction and simultaneously stretches it in the hoop directions. As a result, element A experiences compressive elastic unloading, tensile elastic loading, and tensile plastic yielding, which correspond to stage (c) in Fig. 4(d) . Fig. 4 . Illustration of the change of hoop stress σ θ with time t in a spherical particle, which contains a moving two-phase boundary between the pristine core (white) and lithiated shell (grey). [30] (a)-(c) σ θ in a representative material element A near the surface. As the phase boundary moves toward the center of the particle, progressive lithiation results in a gradual expansion of the particle, leading to the reversal of hoop compression in
It is important to emphasize that the reversal of hoop compression to tension arises due to the curvature effect of the phase boundary; namely, behind the curved phase boundary, there are larger areas in the hoop direction at larger radial distances. Such reversal will not occur if the phase boundary is flat as in the case of two-phase lithiation in a thin film. More importantly, the high tensile stress and associated tensile plastic flow in the surface layer can cause fracture of electrode particles during Li insertion, which will be discussed in detail in Section 3.4. Finally, we note that for cylindrical wires, a similar conclusion can be drawn for the curvature effect on the reversal of hoop compression to tension in the surface layer of the wires.
Coupling between stress and electrochemistry
The coupling between electrochemistry and mechanics is usually strong in high-capacity electrode materials. For example, high stresses can be induced during electrochemical lithiation of Si, as discussed in Sections 3.1 and 3.2. Such high stresses, in turn, can affect the rate of lithiation. Liu et al. conducted the in situ TEM study of lithiation kinetics in a c-Si nanowire. [31] Figures 5(a)-5(e) show the evolution of the twophase, core-shell structure in a c-Si nanowire during lithiation. In Fig. 5(f) , the measured thickness of the a-Li x Si shell is plotted as a function of time; also plotted are the diameter changes of the Si core and the etched depth, taken from a typical cross section of the Si nanowire. During the lithiation process over 4 hours, the diameter of the c-Si core decreases from 139 nm to 101 nm, and the thickness of the a-Li x Si grows from 0 to 54 nm. In the first hour, the lithiation was fast and the average velocity of the core-shell interface was about 10 nm per hour or equivalently 3 × 10 −12 m/s. The lithiation apparently slowed down as the core-shell interface moved to the center of the Si nanowire, and became extremely slow after about 2.5 hours. These results clearly demonstrate the self-limiting lithiation in Si nanowires. McDowell et al. also reported the slowing of lithiation in c-Si nanoparticles as the two-phase reaction front moved to the center of nanoparticles. [32] Recently, Gu et al. showed that bending of a Ge nanowire broke the lithiation symmetry, such that lithiation was sped up at the tensile side while slowed down at the compressive side of the nanowire. [33] The self-limiting lithiation can be reasonably attributed to the retardation effect of lithiation-induced stresses. As discussed in Section 3.2, large compressive stresses can build up in the lithiated shell, owing to the geometrical constraints from the unlithiated c-Si core. At this moment, there is a lack of experimentally measured chemo-mechanical properties of Li x Si such as chemical strains of Li insertion and elastoplastic properties of Li x Si, all of which can depend sensitively on Li concentration. As a result, the quantitative stress distribution in lithiated Si cannot be determined. Therefore, it remains an open question whether the self-limiting lithiation is dominantly controlled by the stress-retarded reaction at the 014601-4 two-phase boundary or the stress-retarded diffusion within the lithiated shell behind the two-phase boundary. 
Size-dependent fracture during lithiation
The electrochemically-induced stresses often cause the mechanical degradation in electrode materials. In situ TEM experiments by Liu et al. [17] have revealed a strong size dependence of fracture in Si nanoparticles, i.e., there exists a critical particle diameter D c of ∼ 150 nm, below which the particles neither cracked nor fractured upon first lithiation, and above which the particles initially formed surface cracks and then fractured due to lithiation-induced swelling. Figure 6 shows the in situ TEM observation of lithiation responses in a c-Si nanoparticle with the initial diameter of about 54 nm, larger than the critical size D c . This c-Si nanoparticle was in contact with a W electrode and a Li metal counter electrode, whose surface was covered with Li 2 O acting as a solid electrolyte. Under an applied voltage between the two electrodes, Li quickly covered the particle surface and then diffused radially into the particle, forming the structure of a pristine inner Si core and an a-Li 3.75 Si alloy shell with a sharp interface in between. As the diameter of the Si core shrunk to about 300 nm, the lithiation-induced swelling caused crack initiation from the particle surface. 6 . In situ TEM observation of cracking in a c-Si nanoparticle during lithiation. [17] (a) A c-Si nanoparticle with the initial diameter of 540 nm. (b) A core-shell structure forms as lithiation progresses, and the lithiation-induced swelling causes crack initiation at the particle surface.
Surface cracking in large Si nanoparticles arises due to the buildup of a large hoop tension that reverses the initial compression in the surface layer, as discussed in Section 3.2. While the resulting hoop tension tended to initiate surface cracks, the small-sized nanoparticles nevertheless averted fracture. This is because the stored strain energy from electrochemical reactions is insufficient to drive crack propagation, as dictated by the interplay between the two length scales, i.e., particle diameter and crack size, that control the fracture. More specifically, the crack extension is controlled not only by the high stresses but also by the size of the highstress region that is dictated by the interplay between two length scales, i.e., particle diameter and flaw size. When a crack-like flaw of length a is formed in a large particle, near the crack faces the lithiation-induced tensile stress is relaxed to zero, and far from them it is unchanged. Approximately, a region of size a around the crack is relieved of its elastic energy, and this energy release is insensitive to the particle size. However, when the particle size is reduced to be comparable to the crack size, the region of zero stress near the crack faces and accordingly that of elastic energy relief become dependent on the particle size. The smaller the particle is, the less the stress-relief volume, and the lower the elastic energy release.
A crack will not extend if the driving force of strain energy release rate is less than the resistance of surface energy. This explains the observation of the critical particle size in averting fracture during lithiation experiments. 
Mechanical properties
In order to understand and mitigate the mechanical degradation in LIBs, it is essential to quantitatively characterize the fundamental mechanical properties of high-capacity electrode materials. Using Si as an example, here we review recent progress in the quantitative experimental characterization of mechanical properties of Li-Si alloys, which involve a large range of Li:Si ratio from 0 to 3.75.
Hertzberg et al. conducted the nanoindentation testing on polycrystalline Si thin films at various stages of lithiation. [34] They reported a strong dependence of Young's modulus and hardness on the Li to Si ratio. Young's modulus was found to decrease from an initial value of 92 GPa for pure Si to 12 GPa for Li 3.75 Si, and the hardness changes from 5 GPa to 1.5 GPa, correspondingly. Chon et al. used the curvature measurement technique to determine the yield stress in a lithiated Si thin film. [16] They reported a yield stress of 0.5 GPa for a-Li 3.5 Si, and other thin film lithiation experiments reported similar values. [35] Kushima et al. measured the fracture strength and plasticity of lithiated Si nanowires by in situ TEM tensile testing. [36] The tensile strength decreased from the initial value of about 3.6 GPa for pristine Si nanowires to 0.72 GPa for a-Li x Si (x ∼ 3.5) nanowires. They also reported the large fracture strains that range from 8%-16% for a-Li x Si (x ∼ 3.5) nanowires, 70% of which remained unrecoverable after fracture. Pharr et al. measured the fracture energy of lithiated Si thin-film electrodes as a function of Li concentration. The fracture energy was determined to be Γ = 8.5 ± 4.3 J/m 2 at small Li concentrations (∼ Li 0.7 Si) and has bounds of Γ = 5.4 ± 2.2 J/m 2 to Γ = 6.9 ± 1.9 J/m 2 at larger Li concentrations (∼ Li 2.8 Si). Recently, Wang et al. performed fracture toughness measurements by nanoindentation on lithiated a-Si thin films. [37] Their results showed a rapid brittle-to-ductile transition of fracture as the Li:Si ratio was increased to above 1.5. They reported the fracture energy of a-Si as 2.85 ± 0.15 J/m 2 and Li 1.09 Si as 8.54 ± 0.72 J/m 2 , respectively.
It is important to note that several recent experimental studies have measured the time-dependent mechanical properties of lithiated Si. Boles et al. conducted uniaxial tensile and creep testing of fully lithiated Si nanowires. [38] Their creep testing was performed at fixed force levels above and below the tensile strength of the material. A linear dependence of the strain rate on the applied stress was evident below the yield stress of the alloy, indicating viscous deformation behavior. Pharr et al. also studied the rate effect on stress generation in Si thin films. [39] They varied the rate of lithiation of a-Si thin films and simultaneously measured stresses. An increase in the rate of lithiation resulted in a corresponding increase in the flow stress. These observations indicate that rate-sensitive plasticity occurs in a-Li x Si electrodes at room temperature and at charging rates typically used in LIBs. Recently, Berla et al. studied the time-independent and timedependent mechanical behavior of electrochemically lithiated Si with nanoindentation. [40] Their nanoindentation creep experiments demonstrated that lithiated Si creeps readily, with the observed viscoplastic flow governed by power law creep with large stress exponents (> 20) . This research emphasizes the importance of incorporating viscoplasticity into lithiation/delithiation models.
The mechanical properties of a-Li x Si alloys have also been studied using quantum mechanical and interatomic potential calculations. Shenoy et al. performed the density functional theory (DFT) calculations of the elastic properties of a-Li x Si alloys. [41] They showed the elastic softening with increasing Li concentration. Zhao et al. conducted DFT calculations for both the biaxial yield stress in a-Li x Si thin films and the uniaxial yield stress in bulk a-Li x Si under tension. [42] They found large differences between the characteristic yield stress levels of the two cases. Cui et al. developed a modified embedded atomic method (MEAM) interatomic potential for the Li x Si alloys. [43] They performed molecular dynamics simulations of uniaxial tension for bulk a-Li x Si at 300 K and showed that the yield strength decreased from about 2 GPa for a-LiSi to 0.5 GPa for a-Li 3.75 Si. Fan et al. performed molecular dynamics simulations to characterize the mechanical properties of a-Li x Si with a reactive force field (ReaxFF). [44] They computed the yield and fracture strengths of a-Li x Si alloys under a variety of chemo-mechanical loading conditions. The effects of loading sequence and stress state were investigated to correlate the mechanical responses with the dominant atomic bonding, featuring a transition from the covalent glass to the metallic glass characteristics with increasing Li concentration. In addition, quantum mechanical calculations have been performed to study the atomic structures and energetics associated with Li diffusion and reaction in a-Li x Si alloys. [45] [46] [47] [48] [49] [50] [51] [52] [53] The aforementioned modeling studies not only provide valuable insights into the mechanical properties of a-Li x Si, but also highlight the challenges to understand the structure-property relationship in a-Li x Si. Namely, the composition and structure can change drastically during electrochemical cycling of Si electrodes, involving for example the transition from a Lipoor network glass to a Li-rich metallic glass with increasing Li concentration during lithiation. [54, 55] 
Conclusions and future research directions
In conclusion, the mechanics of LIBs is an emerging and exciting research field. Mitigation of mechanical degradation in high-capacity electrode materials is one of the principal challenges facing the development of next-generation high performance LIBs. Among a vast list of potentially intriguing directions for future research, several areas present particularly pressing needs.
(i) It is critical to develop the new experimental techniques to characterize and quantitatively measure the mechanical responses of battery materials at different length and time scales. In this review, we have focused on recent advances in the in situ stress measurement by thin film electrodes and the in situ TEM experiment of nanomaterial electrodes. However, there are still a large number of dynamic, electro-chemomechanical processes and properties that need to be quantitatively characterized at different scales, but are not accessible by existing experimental tools.
(ii) The development of chemomechanical theories and models is highly desired, but they should be closely coupled with experiments whenever possible. The past few years have seen a dramatic increase in the new non-linear field theories and computational models for LIBs. However, the key challenges and opportunities reside in their capability of being predictive. To this end, the non-linear field theories and computational models should be closely related to the high-fidelity experiments in the future research. This is because gaining the predictive capability is hinged on a deep understanding of the controlling chemomechanical mechanisms that need to be directly revealed and clarified through high-fidelity experiments.
(iii) It is necessary to study the mechanical behavior of SEIs, which are widely recognized to play a key role in controlling the battery performance and cycle life. While SEIs have been studied for several decades, their exact microstructure and mechanical properties remain unclear. Recently, Zheng et al. used the scanning force spectroscopy to map the morphologies and mechanical responses of a thin SEI layer formed on the surface a Si thin film electrode. [56] Their results revealed the high non-uniformity of film thickness and Young's modulus in SEIs. While their work is a new step towards understanding the mechanics of SEIs, much effort needs to be dedicated to the study of mechanics of SEIs in the future.
(iv) It is imperative to apply the knowledge, data and insights gained from the fundamental mechanics research to the design of durable LIBs. In this regard, we note that various strategies such as coatings, [57] hollow geometries, [58] and hierarchical structures [59] are being used to mitigate the mechanical degradation and capacity fade in high-capacity electrodes. However, the mechanics of lithiation/delithiation in these systems remain poorly understood. For example, during lithiation of a hollow Si nanotube, it is possible to generate the outward displacement at the outer surface and the outward/inward displacement at the inner surface of the nanotube. Knowing the signs and relative magnitudes of those displacements are critical for designing the durable coatings and finding means to stabilize SEIs. The existing models with various assumptions have yielded different predictions. [58, 60] A careful in situ study is critically needed to clarify the mechanics and mechanism in lithiated hollow Si nanotubes.
(v) Understanding the physics of lithiation and delithiation in high-capacity electrodes is essential to advance the battery field. There are a number of puzzling observations during in situ TEM studies. For example, nanoscale a-Si underwent the two-phase and two-stage mechanism during the first lithiation. [18] However, there was no clearly visible phase boundary during the second lithiation. Moreover, a-Si cannot be further lithiated/delithiated during a typical in situ TEM experiment after about ten cycles. Resolving these puzzles requires a fundamental understanding of the thermodynamics, kinetics, atomic structures, and mechanisms of the reaction and diffusion processes in multiphase alloys under coupled electrochemical and mechanical loadings. [61, 62] Finally, we note that tackling the above mechanics problems presents many challenges and opportunities for experimentalists and modelers to work together. Hopefully, the synergistically integrated experiment and modeling will help understand, control, and optimize the mechanical behavior of electrodes, SEIs, and cell systems, thereby enabling the development of high-performance LIBs.
